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ABSTRA CT
W ordell, Thom as A., M aster of Science, 1995, Forestry
Inorgan ic  Content of Forest Floor Layers Under Ponderosa Pine and Grand fir 
C over Types in the Blue M ountains of N ortheast Oregon. (79 pages)
D irector: Dr. Ronald H. W akim oto
This study investigated the inorganic content, depth and bulk density of forest 
floor layers (duff and litter) under ponderosa pine and grand fir forest canopies in 
the Blue M ountains o f  N ortheast Oregon. This inform ation will im prove the ability 
of land m anagers to predict smoldering com bustion lim its of forest floor layers for 
natural and prescribed fires.
Mean inorganic content, averaged by one centim eter thick layers for each stand 
sam pled, ranged from 6.5 to 50.6 percent. Data indicated inorganic  content 
decreased non-linearly  as distance from the soil surface increased. It was found that 
inorganic  content could be predicted using exponential or cubic model fits  within 
the range of the data collected. D ifferences in plant associations, forest cover types 
or other site specific  variables w ere not found to be s ignificant predictive  factors.
Forest floor depths were found to be s ignificantly  different under some of the 
plant associations and cover types investigated, although actual d ifferences were 
slight. M ean depths for litter, ferm entation and hum us layers were 0.58, 1.24, and 
1.14 centim eters  respectively. M ean bulk density was found to be 0.122 for all one 
centim eter thick layers sampled. Average forest floor loadings estim ated from  the 
depths and bulk  densities measured for litter, ferm entation and hum us layers were 
3.14, 6.69, and 6.15 tons per acre respectively.
No significant differences were found between one centim eter thick layers in 
regards to bulk density when apparent d ifferences w ould be expected. This 
indicates further research is needed to test if this inform ation should be u tilized  to 
infer loading estim ates for individual stands or sites.
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INORGANIC CONTENT OF FOREST FLOOR LAYERS UNDER 
PONDEROSA PINE AND GRAND FIR COVER TYPES 
IN THE BLUE MOUNTAINS OF NORTHEAST OREGON
1.0 INTRODUCTION
The consumption of organic forest floor material during prescribed fire and wildfire 
events has proven to be a major land managem ent concern. The decom posing 
vegetative matter comprising the forest floor (duff and litter) is a very im portant fuel 
component which influences ignition, subsequent fire behavior and effects (Barney 
and others, 1981). Forest floor material helps to protect sites from erosion, enhance 
m icrobial activity and provide small animal habitat (Brown and others, 1985). This 
fuel, along with associated downed woody material and other fuel strata, is often 
removed through prescribed burning to prepare seedbeds, kill selected vegetation, 
and stimulate desired plants. A  significant portion (up to 50 percent) of smoke 
emissions can be contributed from the burning of forest floor organic matter 
(Sandberg and Dost, 1990).
Equations have been developed to predict duff consumption (Brown and others, 
1985; O ttmar and others, 1993; Little and others, 1986), however the com bustion 
process in the forest floor has not been thoroughly described. Only recently 
Frandsen (1987) and Hartford (1993) demonstrated the importance inorganic con­
tent and moisture content have in determining the combustion limits of duff under 
laboratory settings. Rothermel (1972) developed a surface fire spread equation. He 
described the functional relationships involved in surface fire propagation as those 
acting as a heat source (amount of heat produced) divided by those acting as a heat 
sink (heat lost in the system). Inorganic (mineral) content in fuel was found to be one 
com ponent o f  the heat source which reduces the amount o f  heat produced during
1
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combustion. A lthough much literature on forest floor characteristics exists, little of 
this research has focused on inorganic content and how it varies w ithin the duff and 
litter profiles across forest habitats. This study investigates these relationships to 
improve the ability of land managers to predict smoldering combustion limits for 
natural and prescribed fire.
2.0 PROBLEM AND OBJECTIVES
2.1 Problem Statement
The ability to estimate duff reduction from burning can currently be predicted when 
param eters such as duff depth, lower duff moisture and thousand hour fuel moisture 
are know n.1 It has been demonstrated by Frandsen (1987) and H artford (1989 and 
1993) that inorganic content also plays an important role in determining the limits of 
self-sustained smoldering combustion in forest duff. Those portions of the duff 
profile having greater inorganic to organic ratios are less likely to sustain combustion 
under certain moisture regimes (Hartford, 1989).
The fire-adapted forests of the Blue Mountains in Northeastern Oregon (Appendix 
A) are suffering from a forest health problem of catastrophic proportions (Mutch and 
others, 1992). M any scientists, land managers, and the public believe prescribed fire, 
in combination with other m anagement strategies, can be used to help restore forest 
health, increase biological diversity, improve plant vigor and vitality, reestablish 
historical species composition and reduce wildfire hazards (Ottmar and others, 
1992). With the proposed reintroduction of periodic prescribed fire on a landscape 
level in forested areas of the Blue Mountains, there is also a potential to degrade 
ambient air quality and impair visibility in Class I and non-attainment designated 
airsheds (Mutch and others, 1992). Determining how inorganic content varies, by 
layer in the forest floor, may have important implications for increasing the predict­
ability of consumption of these forest floor organic materials and contribute towards 
better estimations of smoke emissions and air quality impacts.
Currently, procedures exist (Potts and others, 1984 and 1986) w hich explain the
1 Using prediction equations as mentioned before in the introduction by various 
authors.
3
4
methods required to measure forest floor (duff and litter) depth and moisture. 
Inorganic content of forest floor materials is more difficult to ascertain. To 
determine actual inorganic content of duff or litter, destructive samples must be 
obtained and taken to the laboratory for analysis. Sample weight must be obtained 
after being oven-dried until moisture loss has terminated. The samples must then be 
muffled (burned at a very high temperature, approximately 600°C, until all that 
remains is ash) and reweighed. This is a very expensive and time consuming process. 
Consequently, it would be desirable to develop a procedure which would allow land 
managers to estimate the inorganic content of forest floor m aterials based on depth 
(distance from mineral soil surface) and easily recognizable site characteristics like 
predom inant cover type2, plant association-, percent tree crown closure, basal area, 
average trees per acre, aspect, elevation, etc.
Destructive sampling is required to determine the percent inorganic content as 
stated above. Few additional field measurements and subsequent laboratory proce­
dures allow duff depth, volume and bulk density- to be calculated as well. Since duff 
depth, bulk density and volume could be determined for each sample collected, this 
study lent itself well to possible correlations between duff loading and forest (stand) 
characteristics.
-  The cover types used in this paper are a descriptive classification of forestland 
based on present occupancy of an area by tree species (Eyre, 1980).
-  The plant associations referred to in this paper are defined by Johnson and 
Clausnitzer (1992).
-  Bulk density is the dry weight (mass) per unit volume
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2.2 Study Objectives
The primary objective o f  this study was to quantify the inorganic content in duff and 
litter, by depth, for two distinct overstory forest cover types; grand fir (Abies 
grandis) and ponderosa pine (Pinus ponderosa v ar. ponderosa). Specifically, this 
included the following:
1. Determine and describe the variation of inorganic content in needle and/ 
or leaf generated forest floor profiles (duff and litter layers) by depth within and 
between cover types by the systematic and replicative sampling of two plant 
associations which frequently occur in each cover type.
2. Estimate inorganic content for one centimeter thick layers in forest floor 
profiles described above and determine if predictive equations can be developed to 
estimate inorganic content as a function of distance from the soil surface.
The secondary objective of this study was to investigate forest floor depth and bulk 
density based on vegetative and site attributes. Specifically:
3. Determine if  significant differences exist in forest floor depths between the 
different cover types and plant associations sampled, based on site attributes (see 
section 4.3, Field Procedures for a complete list of site variables measured).
4. Determine if significant differences exist in bulk density or forest floor 
loading between the different cover types and plant associations sampled, b a s e d  
on site attributes.
3.0 LITERATURE REVIEW: The Forest Floor. Ground Fire and Effects
3.1 The Forest Floor
Information regarding the forest floor is absolutely necessary in evaluating or 
predicting the effects of fire (Barney and others, 1981). The depth of duff consum ed 
has been used to estimate the change in organic m atter and nutrients on a site (Brown 
and others, 1985). Duff consumption has also been used to predict the am ount of 
smoke em issions produced by burning (Ottmar, 1984). Sandberg and Dost (1990) 
estimated that approximately half of the biomass consumed during prescribed fire 
operations is litter and duff material.
The forest floor is a region of organic horizons distinguished from each other by 
the degree of decomposition they have undergone (Brady, 1990). These horizons are 
composed of decaying plant and animal material, charcoal, ash, and intermixed 
mineral soil which lay directly above a mineral soil base.
Organic material located on the the forest floor is generally classified into three 
layers as defined by Hessleman in 1926 (Pritchett, 1979). The L (litter) layer consists 
o f  unaltered dead remains of plants and animals. The F (fermentation) layer is 
fragmented, partially decomposed organic matter that is generally well enough 
preserved to perm it identification of its source. The H (humus) layer consists 
prim arily  of well-decom posed amorphous organic matter (Federer, 1982). The new 
Soil Conservation Service (1981) horizons, Oi, Oe, and Oa, may often, but not 
always, be equivalent to the L, F and H layers respectively. Often, horizon 
development may differ considerably from the above definitions. Some layers may 
be missing or quite thin. Fermentation and humus layers may be mixed by such 
processes as windthrow, animal borrowing, grazing, or other m anagm ent activities 
(Hartford, 1993). These actions may further confound separation by classic desig­
6
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nations.
In this paper, the term 'duff' will be used to refer to both the ferm entation and humus 
layers as defined above, recognizing in some forested stands one or both layers may 
be m issing or very thin due to rapid decomposition rates or other reasons stated 
above. D uff lies below the litter layer and above a mineral soil base. 'Litter' will be 
used to refer to dead leaf, needle, twig, and other castoff vegetative material under 
1/4" in diameter which are found on the ground directly above the duff layer (if any). 
The term 'forest floor' will be used to refer to both duff and litter layers as defined 
above.
The inorganic content5 of forest floor material refers to the incorporated dry soil 
mineral mass and the inherent dry mineral mass of the dead vegetative matter. 
Inorganic content can be expressed several different ways. The percent inorganic 
content, often expressed as percent ash, is the inorganic mass (dry soil m ineral mass 
and the inherent mineral mass of dead vegetative matter) divided by the total mass 
(inorganic mass plus the mineral-free organic mass) of a sample. The inorganic ratio 
is the dry soil mineral mass, plus the inherent mineral mass of the dead vegetative 
m atter, to the mineral-free organic mass (Hartford, 1993).
Federer (1982) recommends that separation of forest floor material from the 
m ineral soil underlying it should be based on the 20% organic carbon critereon of 
Soil Survey Staff (1975), which is a standard definition. In practice this means a 
critereon o f 40% loss in weight o f  oven-dried samples after complete combustion in 
a muffle furnace (Federer, 1982).
-  For the purpose of this paper, inorganic content and mineral content will be 
used interchangeably.
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The forest floor is a highly variable fuel source (Hartford, 1993). The forest floor 
composition, including physical and chemical attributes, varies between stands 
depending on stand history, soils, climate, stand age, and cover species. Potts and 
others (1986) found that depth and moisture content of forest floor layers showed 
wide spatial and temporal variability throughout forested stands. Harrington (1986) 
found that forest floor depth and loading (tons per acre) were correlated in ponderosa 
pine (Pinus ponderosa) from studies he conducted in Arizona. However, Harrington 
did find considerable differences between stands and recommended site specific 
testing to determine relationships between forest floor depth and loading. Barney 
and others (1981) found significant correlations between forest floor depth and bulk 
density when studying forest floor characteristics in four Alaskan cover types: upland 
b lack spruce, lowland black spruce, white spruce and paper birch. Humus bulk 
densities were found to be two to three times greater than those of the corresponding 
litter layer.
Forest floor characteristics, including inorganic content, can vary widely with depth 
(distance from soil surface) at any one location. Organic content differs among forest 
floor profiles tending to increase with distance from the soil surface (Federer, 1982; 
Hartford, 1993; Data on file at the Intermountain Fire Sciences Laboratory). 
Conversely, inorganic (mineral) content tends to decrease in forest floor profiles as 
distance from the soil surface increases. Alway and others (1933) described the 
com position of forest floor layers under four different forest canopy cover types: 
Norway pine, jack  pine white pine and sugar maple-basswood. He found the content 
of volatile (organic) matter decreases from freshly fallen leaves, with 92 to 96 
percent, to the leafmold, with only 47 to 58 percent, while the percentage of ash 
increases correspondingly.
9
Hillhouse (1983) studied duff depth and moisture variations under two cover types, 
Abies lasiocarpa (subalpine fir) and Pseudotsuga menziesii (Douglas-fir). She found 
duff depth exhibited high variation on all sites studied and concluded it was not 
reasonable to compare duff depths among different sites in non-hom ogeneous 
forested areas since stand structure, m icroclimates and stand histories differ. In 
contrast, she found duff moisture content to be closely tied to topographic position, 
based on relative moisture regimes, even though it exhibited large spatial variability. 
She concluded that a stratified random sampling procedure, based on readily 
identifiable dry, wet, and mesic locations, would reduce both the sampling intensity 
required and the variability of duff moistures encountered.
In a later paper, Potts and others (1984) described how to calculate the num ber of 
samples required to estimate duff depth for an area with uniform stand density, 
species composition and age distribution. These procedures determined sample size 
from a calculated coefficient of variation, based on preliminary sampling of twenty 
duff depths, for four confidence levels with a 20 percent allowable error.
Sackett (1991) found that forest floor fuel loadings could be predicted for 
ponderosa pine stands growing in Arizona using sub-stand average tree heights or 
average tree diameters. He found stand location had an effect on predictive equations 
due to underlying soil type differences. Sackett concluded that with further 
verification, his procedure might prove to be an effective, accurate means of 
determining forest floor fuel loadings.
Very little information is known about inorganic content o f  the forest floor and how 
it varies by layer or location. Preliminary data (Hartford, 1993; on file at the 
In term ountain Fire Sciences Laboratory) suggests that inorganic content may not 
decrease linearly as the distance from the soil interface increases, but this is based
10
only on limited samples analyzed by the F and H layers. A lthough procedures have 
been developed to quickly estimate duff depth and duff moisture contents for a given 
site as described above, inorganic content estimates are still expensive and time 
consuming to obtain.
3.2 Ground Fire
Ground fuels burn at various rates depending on influences such as compaction, 
m oisture content, inorganic content and available oxygen. Rothermel (1972) 
mathematically described fire spread by flaming combustion in surface fuels which 
includes the litter layer. Duff burns most often by smoldering combustion, especially 
when compacted or insulated from sufficient oxygen required for flaming com bus­
tion. Although combustion differs between litter and duff, the same principles of 
physics apply to both. If  the heat source (amount of heat produced) is greater than 
the heat sink (the amount of heat lost) combustion will sustain itself and the fire will 
spread. Rothermel's  (1972) spread equation employed both heat sink and heat source 
terms.
Heat sink components include the heat of preignition (the energy per unit mass 
required for ignition [Btu/lb]), effective heating number (a m easure of the fraction 
of the potential fuel that must be raised to ignition) and fuelbed bulk  density (amount 
of fuel per unit volume [lb/ft3]). The heat of preignition is dependent on the fuel 
particle moisture content (weight of fuel/oven dry weight of fuel). The higher the 
moisture content, the more energy required per unit o f mass to reach ignition. The 
effective heating number relates to the size of the fuel particles. In very fine fuels the 
entire particle must be heated to bring it to ignition and the effective heating number 
is near one. Fuelbed bulk density affects the packing ratio which in turn affects heat
11
transfer and air flow. Fuel particles packed too loosely will not efficiently transfer 
heat from one particle to another. On the other hand, if packed too tightly they 
restrict air flow and become less efficient heat producers. D uff tends to be too tightly 
packed to allow flaming combustion, yet this same characteristic enhances heat 
transfer in smoldering combustion (Hartford, 1993).
Heat source terms include the reation intensity (a measure o f  the total energy 
release rate per unit area of fire front [Btu/ft3/min]), propagating flux ratio (a 
dimensionless number which indicates the proportion of the reation intensity which 
preheats the adjacent fuel particles), slope factor (accounts for improved radiation, 
convection, and air flow due to slope increases) and wind factor (a dimensionless 
multiplier that accounts for the increased rate of spread resulting from improved 
radiant and convective heat transfer and oxygen flow accompanying a wind-driven 
fire). The amount of heat produced depends on the heat content of the fuel, the 
weight of the fuel present and the efficiency of the combustion process. Reaction 
intensity is affected by moisture content and inorganic content. M oisture and 
minerals  in the fuel reduce the amount of heat produced. Frandsen (1991) found that 
propagation in duff could be slowed or stopped if sufficient heat was not produced 
by combustion to overcome losses due to heat of vaporization and inorganics which 
absorb heat but do not oxidize to release additional heat to the process. Since 
moisture and minerals in fuels reduce the amount of heat produced, they inversely 
affect the rate of smoldering propagation in duff.
Smoldering ground fires move at a very slow pace compared to surface flaming 
com bustion spread rates. Wein (1981) found the mean spread rate in peat soils to be 
4 centimeters per hour. Smoldering combustion is associated with fuels having high 
surface area, good insulating properties, and solid-phase oxidation of activated char
12
(Hartford, 1993). Combustion of duff generally proceeds by pyrolyzing or charring, 
then ashing the ignited fuels moving inward from the surface to unburned fuels below. 
Smoldering fires can transfer large amounts of heat downward into the mineral soil 
if  the duff is totally consumed (Frandsen and Ryan, 1986). Often heat transferred 
ahead of the smoldering front may be sufficient to pre-dry moist areas so that 
smoldering can continue in areas that were initially too moist to sustain combustion 
(Frandsen, 1987).
Several equations have been developed to predict duff consum ption or duff 
reduction. Most of the early studies focused on duff moisture content, 1000 hour fuel 
m oisture content or the amount of large woody fuel (fuels greater than 7.62 
centimeters [3 inches] in diameter) consumed (Norum, 1977; Chrosciewicz, 1978a 
and 1978b; Sandberg, 1980; Brown and others, 1985; Little and others, 1986). 
Brown and others (1985) used lower duff moisture to predict duff reduction. 
However, it was noted that the relationship between duff reduction and duff moisture 
became very erratic at preburn duff depths less than two centimeters. This is likely 
due to variations of the inorganic content in these shallow duff areas. Sandberg 's 
(1980) findings and those by Artley and others (1978), Norum (1977) and Shearer 
(1975) agreed well and suggested that duff burns independently of surface fuels when 
the duff m oisture content is below 30 percent (Brown and others, 1985). In contrast, 
burning was found to be meager above a duff moisture content of 120 percent. 
Between these moisture limits, combustion appears to be related to inorganic 
content, bulk density, heat from surface fire and the other heat source and heat sink 
parameters previously discussed.
Pyrolysis of cellulose material contaminated with inorganic compounds has led to 
the conclusion that the flammability of plant material is influenced by the presence
13
of inorganic materials (Shafizadeh, 1968). William Frandsen (1983) found shallow 
duff tended to have more incorporated mineral matter which may retard combustion. 
Frandsen later (1987) quantitatively demonstrated that inorganic content supplied 
from mineral soil played an important role in determining the independent com bus­
tion limits of smoldering fire in peat moss (a surogate for forest duff). Roberta 
Hartford (1989) further studied the effects of mineral soil content on the com bustion 
limits o f  smoldering peat and developed logistic regression equations to predict the 
probability that peat will burn once ignited using moisture content, inorganic content 
and bulk density as the independent variables.
A lthough it has been demonstrated that inorganic content plays an im portant role 
in determining the combustion limits of duff, research efforts on this subject have 
primarily been limited to the laboratory.
3.3 Ground Fire Effects
Prescribed fire, utilizing both unplanned natural and planned ignitions, has been 
advocated to maintain and restore fire-dependent and serai plant communities, create 
vegetative mosaics, and confine or limit the impact of wildfires (Deeming, 1990). 
Consequently, proper assessment of ground fire effects is a key element for the 
success of prescribed fire efforts, both now and in the future.
Many soil nutrients are located in soil organic matter. All burning of the forest 
floor, whether wildfire or prescribed fire, disrupts the cycling of nutrients in forest 
ecosystems by changing the form, distribution and amount of nutrients on a site 
(M cNabb and Cromack, 1990). Wildfires and many fall prescribed burns can result 
in large nutrient losses since these fires are usually more severe and consume large 
amounts of fuel. Reducing fire intensity decreases nutrient loss from burning.
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Nutrients can can be removed from forest ecosystems by volatilization, convection, 
leaching and erosion. Additions of nutrients occur from deposition in precipitation 
and dust, weathering of rock, and fixation of atmospheric gases.
Nitrogen, and to a lesser extent sulphur and phosporous, are the nutrients normally 
lost during ignition of forest floor materials. Nitrogen is widely regarded as the 
nutrient most commonly limiting the growth of forests in the Pacific Northwest 
(Gessel and others, 1972; M iller and others, 1976). W ells and others (1979) stated 
that 10% to 20% of the total nitrogen in chaparral and ponderosa pine type systems 
can be lost by volatilization. More recent studies (Raison and others, 1985) have 
shown that nitrogen loss can be calculated as a direct proportion to the weight loss 
of the fuel burned since nitrogen is volatilized at temperatures as low as 210 degrees 
Fahrenheit (Dunn and DeBano, 1977). However, some studies showed no net 
change in total nitrogen after 10 to 20 years of periodic burning (Wells and others,
1979). Sites with a history of frequent wildfires, already adapted to repeated cycles 
of nutrient losses, are less likely to have extensive ecological dam age to site 
productivity  from burning (Waring and Schlesinger, 1985). Periodic oxidation of 
nitrogen by the burning of duff and course woody material can improve the short term 
availability of nitrogen as well as other nutrients in forest ecosystems (Van Cleve and 
others, 1983). However, direct measures of increased availability of nitrogen 
following burning are inconsistent (Van Cleve and Dyrness, 1983).
Sulfur and phosphorus are less likely to limit forest growth and where they do limit 
growth, they are often linked with interactions from nitrogen deficiencies (Turner 
and Lambert, 1986). Sulfur is volatilized at slightly higher temperatures but in much 
sm aller quantities than nitrogen (M cNabb and Cromack, 1990). Losses can increase 
from 30 to 70 percent as the temperature of combustion increases (Tiedem ann and
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Anderson, 1980). Phosphorus is easily volatilized (Raison 1979) but is present in 
concentrations of approximately 20 percent that of nitrogen (Sollins and others,
1980).
Soil pH, phosphorus, exchangeable potassium, calcium and magnesium increase 
immediately after burning (Boyer and Dell, 1980). These and other nutrients can be 
added back to the soil at a fire site by increased litter fall from fire injured or killed 
plants on the site, addition of ash from burned vegetation (including forest floor 
materials), mass transport of ash by wind, water and smoke, or transferred within the 
soil by leaching (Grier, 1975).
Short term effects of burning (several weeks to several years) may increase the 
nutrient balance while longer term effects may result in a net loss of nutrients 
depending on the effects of past disturbance regimes, site characteristics, and the 
intensity, duration and magnitude of the burn. Limiting the consum ption of forest 
floor material is critical in order to minimize nutrient losses since it has the highest 
nitrogen concentration of any dead fuel (McNabb and Cromack, 1990).
Ground fire can have serious effects on soil organisms, although predictability  is 
poor due to the variation in fire intensity and other site factors. Fire can kill or injure 
organism s and affect other processes such as plant succession and soil organic matter 
transformations. Declines in mycorrhiza have been demonstrated, but this cannot 
always be attributed solely to fire.
The forest floor buffers the soil from extremes in temperature and m oisture and 
protects it from surface erosion (McNabb and Swanson, 1990). Retaining a portion 
of the forest floor following a fire can prevent or limit most accelerated soil erosion. 
Therefore, the thickness and coverage of forest floor remaining after a burn is the 
most likely measure of the potential for surface erosion (M cNabb and Swanson,
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1990).
Consumption of litter and duff is one of the least understood com ponents of biom ass 
consumption. The moisture gradient typically found in forest floors tend to limit or 
slow their consumption by fire (Sandberg, 1980). Forest floors typically dry from the 
surface downward. The dry surface layer may be readily consumed by fire while the 
wet layers underneath are much less susceptable to consum ption (Sandberg, 1980; 
Little and Ohmann, 1988). Experimental results from field studies have shown that 
duff consumption can be predicted if moisture content of the duff and fuel consum p­
tion or fuel availability can be estimated (Norum, 1977). However, as Hartford 
(1993) pointed out, consumption is not only linked to moisture, but inorganic content 
and bulk density as well.
Pollutants are formed when biomass is consumed by fire. Approximately half the 
biomass consumed in broadcast burns occurs during the flaming combustion stage, 
w ith the remainder occurring in the glowing and smoldering stages (Sandberg and 
Dost, 1990). The flaming and glowing stages are the most efficient, emitting the least 
pollutants relative to the mass of fuel consumed. Prolonged smoldering substantially 
increases air polluting emissions from fire (Hartford, 1993). Fires burning in this 
fashion have slow rates of spread and a high persistance factor, and are often called 
"holdover fires" . A  smoldering fire is often difficult to detect and can break into open 
flame several days after ignition (Wein, 1981). Much of the smoke pollution 
contributed by large fires occurs during the smoldering phase prior to being 
extinquished from mop-up efforts or a change in weather.
Increased knowledge of the conditions controlling forest floor consum ption could 
lead to a better understanding of the holdover phenom enon (Frandsen, 1987), 
improve duff consumption estimations to meet m anagement objectives, and be useful 
to better predict the amount o f  smoke produced (Hartford, 1993).
4.0 METHODS
4.1 Study Area
The Blue M ountains of northeastern Oregon lie northeast to southwest from 
Pomeroy, W ashington to Burns, Oregon. The Blue M ountains and several other 
mountainous areas comprise the Blue Mountains physiographic province, a geo­
graphically contiguous area with similar topographic and vegetative characteristics 
(Franklin and Dryness, 1987). The study area consisted of the La Grande Ranger 
District on the W allowa-W hitman National Forest and the east half of the Walla- 
W alla Ranger District on the Umatilla National Forest. These ranger districts were 
selected since both are located in the Blue M ountains and contain forested areas 
common to the east side of the Cascade Range in Region Six (see Appendix  A).
4.2 Field Study Design
This study employed a nested design, with plant associations nested within cover 
types, to investigate the variability of inorganic content, depth and bulk density of 
duff and litter layers within and between forest canopy types in the Blue Mountains 
of N ortheastern Oregon. Two distinct forest cover types, short needle grand fir 
(Abies grandis) and long needle ponderosa pine (Pinus ponderosa) were chosen for 
this study since they are predominant tree species found in the Blue Mountains. 
W ithin each cover type, two different plant associations were selected (four total). 
W ithin each plant association four stands were visited (sixteen total) and fifteen to 
twenty destructive samples were collected from each stand (one per plot). Figure 1 
depicts the basic study design.
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(P red o m in an t S pec ies)
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Individual Stand 
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pinegrass
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Figure 1.Study design overview
Two plant associations- for each cover type were selected based on "capturing" the 
range of variation (from cool, moist to warm, dry environments) commonly found 
under the two cover types described above. Each represented significant acreage 
(greater than 5%) in the Blue Mountain area.
The plant associations selected were used to represent their corresponding cover 
types. A lthough the ABGR/CLUN plant association was poorly represented on the 
La Grande Ranger District, it is commonly encountered on the east ha lf  of the W alla 
W alla Ranger District and elsewhere in the Blue M ountains at higher elevations.
-  The conceptual approach for plant associations is to provide the field investigator 
with a flouristic indicator species which is diagnostic of a particular environment. 
That environment, in turn, has a capability of providing a defined plant community 
which is described by Johnson and Clausnitzer (1992).
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Only sites which were dominated by grand fir (Abies grandis) or ponderosa pine 
fPinus ponderosal were considered during selection. The selected plant associations 
used in this study are further described in Table 1.
Table 1 -  Plant association description (Johnson and Clausnitzer, 1992).
Cover Type Plant Association 
Code
Description
Grand Fir ABGR/CLUN Grand fir/queen's cup beadlilly. Usually associated 
with spruce. Shrubs are few. Cool, moist environ­
ment. Occurs between 2,640 and 6,000 feet in 
elevation on a variety of aspects, slopes and terrrain.
Grand Fir ABGR/CARU Grand fir/pinegrass. High coverage by pinegrass and 
elksedge. Droughty soils and warm aspects. Very 
common in Southern Blue Mtns. Occurs between 
4,050 and 6,500 feet in elevation principally on south­
erly aspects.
Ponderosa
pine
PSME/SYAL Douglas-fir/common snowberry. Douglas-fir and 
ponderosa pine common; ponderosa pine may domi­
nate. Common snowberry and spiraea form shrub 
layer. Elk sedge and pinegrass dominate herbaceous 
layer. Warm, mesic site. Recurrent fire promotes 
ponderosa pine and pinegrass. Occurs between 2,400 
and 5,575 feet in elevation.
Ponderosa
pine
PSME/CARU Douglas-fir/pinegrass. Ponderosa pine commonly 
dominates, however Douglas-fir is climax dominant. 
Pinegrass and elk sedge dominate ground cover with 
some snowberry and Oregon-grape present. Occurs 
at higher elevations between 4,050 and 5,900 feet.
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4.3 Field Procedures
Selection of sample areas w ithin each plant association was based on predominant 
tree species occupying the site (from stand data and ocular surveys), stand history 
and accessibility. Although areas were selected subjectively, they were selected over 
a broad geographic area and therefore considered to be a random sample of all 
possible areas within the four plant associations sampled in this study. Stands having 
recent activity, grazing or severe defoliation were avoided. The selection of stands 
w ith in  each  p la n t  a s so c ia t io n  w ere  g en e ra l ly  fa r  en o u g h  a p a r t  to avo id  
pseudoreplication (Hurlbert 1984), although stands in the Grand fir/queen 's  cup 
beadlilly  plant association (ABGR/CLUN) were somewhat grouped due to the nature 
of that moist environment. Stands that did not clearly represent the plant association 
to be investigated or which were not dominated by the cover type tree species in 
question were not sampled (by ocular survey).
All plots at each site were located within a single stand (as delineated by the U SDA 
Forest Service). A  systematic grid was established in each stand, with a random 
beginning point far enough to avoid road-edge effects, along a selected azimuth 
(Appendix B). The azimuth was selected to ensure sample points all fell within the 
stand and were located across the variation of the area (ie. across drainages and 
ridges, not parallel to them). Compass bearings and pacing were employed to locate 
plot centers. Once a plot center was located, it was evaluated to determ ine if it was 
representative of the stand, met rejection criteria, or was conspicuously non- 
homogeneous. Since the focal point of this study was to investigate inorganic 
content in needle and leaf generated forest floor layers, plot centers falling on rotten 
logs, rock outcrops or skid trails were rejected. If  additional plot centers were 
required, alternate sample points were located by extending the sample grid.
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Fifteen  to tw enty plot centers w ere located in each stand, depending on time 
constrain ts. Four sam ple points w ere established five feet from  each p lo t center; up, 
down and across the slope or along cardinal d irections (if  slope w as zero). One 
destructive forest floor sam ple was collected from the upslope (or N orth) sam ple 
point at each plot. Each destructive sam ple w as collected  using a circu lar 12.1 
centim eter d iam eter duff/litte r cutter w hich w as m anufactured for this project. 
Forest floor depths for each layer (hum us, ferm entation and litter) w ere m easured at 
four equid istan t points around the destructive sam ple and also at the three additional 
sam ple poin ts for each plot.
Each destructive sam ple consisted of all m aterial on the fo rest floor less than one- 
quarter inch in d iam eter that was included in the litter, duff and top-m ost m ineral soil 
layers. The destructive sam ples were cut, rem oved, and then carefu lly  dissected into 
one centim eter thick layers. The layers w ere then bagged, labeled, and taken to the 
laboratory  for further analysis (explained in section 4.4, Laboratory Procedures).
The prim ary objective o f this study was to determ ine average inorganic content for 
du ff and litte r as a function o f depth (distance from  the soil in terface). H ow ever, 
Federer (1982) indicated that field observers define and separate upper soil (includ­
ing duff and litter) horizons differently  resulting in questionable m easurem ents 
am ong studies. For this reason, the approach of separating the forest floor m aterial 
into litter, ferm entation and hum us layers was rejected. Instead, one centim eter thick 
layers w ere used (see Figure 2). This m ethod rem oved the subjectiv ity  com m only 
encountered in the separation o f forest floor layers. In addition, Federer (1982) 
found the defin itions used to separate m ineral soil from  duff w ere often vague, 
subjective and inconsistent. He suggested the separation of forest floor from  m ineral 
soil should be based on the 20% organic carbon criterion of the Soil Survey S taff
Note: Plots with buried rotten logs or branches >1/4" in diameter 
were excluded from detailed analysis because they skewed the data 
distributions with extreme inorganic content values.
Figure 2. One centimeter thick layers. Samples were collected this way for data analysis to 
avoid subjectivity commonly encountered in the separation of forest floor layers.
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(1975), w hich is standard definition. In practice, this m eans a criterion  o f 40%  loss 
of m ass after com plete com bustion in a m uffle furnace. For this reason, the top-m ost 
m ineral soil layers w ere collected since division betw een soil and duff were m ade by 
ocular estim ate in the field and later laboratory analysis would determ ine the actual 
separation  point.
D eterm ining if forest floor depth or bulk density could be estim ated based on 
vegetative and site attributes was the secondary objective of this study. The 
fo llow ing data was recorded at each plot center to investigate this objective: plant 
association, aspect, e levation, basal area, percent canopy coverage, percent defo lia ­
tion (estim ated based on W ickm an, 1979), trees per acre, slope, p lo t position  on 
slope, average DBH (tree d iam eter at breast height), and canopy structure  class 
(based on tree density  and age class). These variables were selected since they are easy 
for land managers to assess and also have significant influence on the vegetative development 
and characteristics of the site. These measurements, unless otherwise specified, were taken 
according to the methods set forth in the Pacific Northwest Region Stand Examination Field 
Procedures Guide (1991). All data was recorded on a Mineral Content Plot Card developed 
for this study (Appendix B).
4.4 L aboratory  Procedures
A total o f 1074 one centim eter thick sam ples w ere co llected  and brought to the 
laboratory  for anaylsis. Each one centim eter th ick  sam ple arrived in the laboratory  
in sealed p lastic  z ip-lock bags labled and separated by layer, p lo t and stand num ber. 
The bags w ere opened and placed in a warm , dry greenhouse for several w eeks to 
rem ove as m uch m oisture as possible prior to oven drying. A pproxim ately tw enty- 
four sam ples at a tim e w ere then transported to a drying oven and dried at 100°C for
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24 hours or until all w eight loss was term inated. The sam ples w ere then re-sealed , 
cooled and w eighed to the nearest l/1 0 th  gram . The w eight o f the z ip -lock  bags was 
subtracted  to obtain dry w eight o f each sam ple. Once dry w eight w as determ ined, 
the sam ples w ere deposited in 100ml (65X54 m m ) high form  crucibles. Each crucible 
w as prem arked, oven dried, cooled, and w eighed to the nearest l /1 0 th  gram  p rio r to 
being used so their w eights could be subtracted later. Sam ples w ere then placed in 
a Therm olyne m uffle furnace and m uffled at 600°C for 12 hours until all organic 
com bustable m aterial was rem oved in order to determ ine the inorganic content. 
D eterm ination o f inorganic content w as accom plished by re-w eighing the sam ples 
and crucib les to the nearest l/1 0 th  gram . Crucible w eight was subtracted  to ascertain  
the m ass o f the inorganic m aterial rem aining after ignition. This process w as 
duplicated  until all sam ples w ere oven dried, w eighed, m uffled and rew eighed over 
the period o f several m onths.
D eterm ination of the separation point betw een m ineral soil and duff w as m ade by 
the criterion  of 40% loss of m ass after com plete com bustion (Federer, 1982) as 
d iscussed earlier in section 4.3. If  less than 40% m ass was lost after m uffling , the 
sam ple was identified as m ineral soil and excluded from further analysis. In certain  
cases, sam ples w hich w ere thought to be duff actually turned out to be m ineral soil 
by th is criteria . C onsequently , the one centim eter thick layers from  those p lots w ere 
re-labeled  to adjust for the error in field  occular estim ations.
A ll data w as recorded by layer, plot and stand num ber onto a m ineral content 
determ ination  w orksheet developed for this purpose (see A ppendix  B). D ata w as 
la ter entered into spreadsheets and databases for analysis.
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4.5 A nalysis
Several m easurem ents were obtained from  the procedure outlined in Section 4.4 
including inorganic content (percent ash), inorganic ratio, and bulk density. Inorganic 
content, expressed as a percent, is sim ply the m ass o f inorganic m aterial divided by 
the to tal m ass o f the sam ple. The inorganic ratio is the inorganic m ass divided by the 
organic m ass. The bulk  density is the total dry m ass (organic and inorganic) per unit 
volum e.
F ifteen  to tw enty p lots w ere sam pled for each stand. There w ere a total of 16 stands 
w ith  approxim ately  5 one centim eter thick layers per plot, how ever the num ber of 
layers in each destructive sam ple varied depending on the thickness o f the duff and 
litte r p rofile  encountered at that plot. There were 826 one centim eter th ick  sam ples 
rem aining after excluding those which w ere determ ined to be m ineral soil, as 
described in Section 4.4.
Sam ples w ere averaged by one centim eter thick layers for each stand from  w hich 
they w ere collected. This gave a total of 86 observations.
The analysis of this inform ation was based on personal com m unication and 
recom m endations by David M arx (1993). He described the sam pling design em ployed 
in th is study as a nested structure w ith plant associations (P) nested w ith in  cover 
types (C). The factor of depth (D) is the distance from  m ineral soil in terface in 
centim eters.
This study used the SAS System  (SAS Institu te , Inc. 1985), Q uattro Pro (B orland 
In ternational, Inc. 1992) and D atadesk (D ata D escription, Inc. 1989) for s ta tistica l 
analyses.
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4.5.1 A nalysis o f Prim ary Objective
The null hypothesis for the prim ary objective of th is study assum es there is no 
difference in the m ean inorganic content or inorganic ratios (dependent variables) 
betw een forest floor layers (depths), taken at one centim eter th ick  in tervals from  the 
m ineral soil interface (independent variable). Inorganic ratio was selected  as a 
dependent variable since it w as used by H artford (1993) and Frandsen (1987) in their 
studies o f sm oldering com bustion lim its o f duff at the Interm ountain  Fire Sciences 
Laboratory. Sam ples were collected at sites having different cover types and plant 
associations (independent variables) to determ ine if location or vegetative  cover 
w ere significant explainatory variables. A  mean value w as obtained for each of the 
dependent variables for each one centim eter thick layer for each stand through 
laboratory analysis.
To test this hypothesis, the independent variables (depth, cover type and plant 
association) w ere used to delineate the strata from  w hich sam ples w ere collected. 
The statistical analysis used in conjunction w ith this sam pling design w as a one way 
analysis o f variance (ANOVA) w ith subsam pling. The m easured values obtained 
w ere evaluated in SAS. The criterea to reject the null hypothesis (H o) w as based on 
the 0.05%  level o f significance in favor of the alternative hypothesis.
The analysis was done in two parts. The first part was a one way analysis o f variance 
w ith fixed treatm ent effects (cover type and plant association) w hich tested w hether 
the m ean inorganic content or inorganic ratios w ere the same for all one centim eter 
th ick  layers. The second part was a nested one way analysis of variance for each 
layer, w hich tested w hether the mean inorganic content or inorganic ratios betw een 
cover types or p lant associations were the same for each one centim eter th ick layer. 
This analysis looked at the variance com ponents w ithin each one centim eter thick
27
layer.
S tepw ise regression analysis was used to determ ine if m eaningful equations could 
be developed to p redict inorganic content or inorganic ratio  as a function  o f forest 
floor depth. The resu lting  equations (discussed in Section 5) w ere exam ined for the 
percen tage  of v aria tion  exp lained , denoted by th e ir ad justed  co effic ien t of 
determ ination (R ) value. Selection o f the m odels used for p rediction  w ere based on 
data fit, statistical significance and sim plicity.
4 .5 .2  A nalysis of Secondary Objective
The null hypothesis for the secondary objective of this study assum es there is no 
difference in loading, m easured by mean depth and m ean bulk density, betw een 
d ifferen t cover types, p lant associations or other site attributes. One way analysis 
of variance w as used to test the variability  betw een layers. N ested one way analysis 
of variance w as used to determ ine if cover type, p lant association or o ther site 
attributes (as delineated in Section 4.3, Field Procedures) were significant ex p lana to ry  
variab les for each of the forest floor layers analyzed. R egression analysis w as used, 
as w ith the prim ary objective, to determ ine if predictive equations could be developed.
5.0 RESULTS AND DISCUSSION
5.1 G eneral O bservations
The resu lts of this study were intended to provide a be tter understanding o f how  
inorganic content (m ineral soil) is distributed in forest floor layers under d ifferent 
cover types. O ther attributes of the forest floor m easured were depth and bulk 
density to obtain loading inform ation.
In general, it w as found that inorganic content decreased non-linearly  w ith 
increasing distance from  the m ineral soil interface. Forest floor loadings estim ated 
from  this study averaged approxim ately 16 tons per acre (includes hum us, ferm en­
tation and litter layers). No significant d ifferences w ere found in bulk  density  
betw een the individual one centim eter thick layers analyzed.
Prelim inary  investigation determ ined that p lots having buried ro tten  log or branch 
m aterial greater than 1/4 inch in diam eter, w hich were unnoticeable to field  data 
co llectors, had inorganic contents w hich caused extrem e outliers in the data d is tri­
bution (F igure 3). For this reason, all p lots having rotten log or branch m aterial 
greater than 1/4 inch in diam eter in any layer w ere rejected and excluded from  further 
analysis.
5.2 Inorgan ic  Content
Prior to averaging inorganic content by one centim eter layers for each stand, 
exploratory  regression analysis was perform ed to determ ine if independent factors 
m easured at each plot w ere significant. Factors found to be non-significant included 
aspect, slope, elevation, percent defoliation, p lo t position , average DBH, canopy 
structure  class, understory trees per acre, and basal area. Several factors w ere found 
to be sign ifican t including plant association, percent cover, and overstory  trees per
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Figure 3. Side by side boxplot of Ash (inorganic content) vs. L ayer (d istance 
from  m ineral soil interface). *  indicate extrem e outliers w hich w ere found only in 
p lo ts having rotten  log or branch m aterial >1/4" d iam eter. For that reason all plots 
w ith rotten  log or branch m aterial >1/4" diam eter were elim inated  from  further 
analysis.
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acre, how ever no m ajor im provem ents w ere m ade by adding them  to the predictive 
equations analyzed. These results are docum ented in A ppendix C. For th is reason, 
inorganic content was averaged, by layer, for all sam ples collected in a stand. This 
inform ation is sum m arized in Table 2.
H istogram s (see Figure 4) w ere plotted  for inorganic content and inorgan ic  ratio  
(the two dependent variab les) once stand averages had been determ ined. It was 
found both had lognorm al d istributions.2 N atural log (In) transform ations of 
inorganic content and inorganic ratio tended to norm alize these dependent variable 
d istributions.
One way analysis of variance (ANOVA) tables for the first part o f the prim ary 
objective are condensed in Table 3. This A NOVA tested the sign ificance o f depth, 
an independent factor w hich is the distance in one centim eter thick layers taken 
increm entally  from  the m ineral soil surface.
Significance (P>F less than 0.001) w as dem onstrated for both form s o f the 
dependent variab les tested. Therefore the null hypothesis that there w ere no 
differences in inorganic content betw een one centim eter layers could be rejected.
The second part of the prim ary objective used a nested one way analysis of variance 
to test the variab ility  of the mean inorganic content w ith in  and betw een cover types 
and plant associations. This analysis had to be com pleted for each one centim eter 
th ick layer separately to determ ine the variab ility  of each. Because two plant 
associations w ere sam pled for each cover type, the design was a nested  structure w ith 
plant associations nested w ithin cover types. A  sum m ary of the nested  analysis of 
variance tables w hich resulted from  this portion o f the analysis, perform ed in SAS, 
are d isplayed in Table 4.
2 The lognorm al d istribution  is skewed in the direction  of the long tail to the right.
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Table 2. Stand A verages (m eans) by Layer for Inorganic C ontent (% A sh) and 
Inorgan ic  to O rganic Ratio (I/O  R atio).
COVER
TYPE
PLANT
ASSOC.
STAND LAYER
N
%ASH
X Sx
I/O RATIO 
x Sx
GF ABGR/CLUN 1 0.5 12 45.43 9.37 0.885 0.311
1.5 10 31.19 10.27 0.488 0.233
2.5 6 23.19 7.95 0.316 0.137
3.5 3 15.51 1.93 0.184 0.027
4.5 2 12.43 1.62 0.142 0.021
GF 2 0.5 12 50.61 6.72 1.060 0.262
1.5 12 30.06 9.74 0.460 0.217
2.5 10 19.81 6.51 0.256 0.113
3.5 3 14.61 0.68 0.171 0.001
GF 3 0.5 18 45.53 9.68 0.893 0.324
1.5 16 33.34 10.63 0.543 0.281
2.5 14 26.69 14.66 0.439 0.387
3.5 11 18.96 8.21 0.249 0.149
4.5 3 17.18 3.45 0.210 0.044
GF 4 0.5 15 39.89 6.66 0.686 0.202
1.5 13 24.82 6.24 0.341 0.120
2.5 11 16.39 3.49 0.198 0.059
3.5 . 5 12.86 3.91 0.150 0.051
GF ABGR/CARU 5 0.5 20 46.82 9.32 0.936 0.321
1.5 19 23.66 8.46 0.330 0.189
2.5 14 17.63 6.85 0.224 0.116
3.5. 7 15.33 5.96 0.188 0.095
4.5 6 13.13 3.81 0.153 0.053
5.5 3 10.39 2.43 0.117 0.031
GF 6 0.5 18 42.69 14.04 0.846 0.422
1.5 14 24.20 8.83 0.340 0.182
2.5 9 19.38 6.74 0.250 0.113
3.5 2 13.20 1.91 0.153 0.025
4.5 1 12.50 0.143
GF 7 0.5 13 41.46 11.26 0.778 0.367
1.5 9 25.15 8.21 0.356 0.186
2.5 6 19.70 7.25 0.257 0.131
3.5 2 12.12 1.07 0.138 0.013
GF 8 0.5 13 42.49 6.06 0.759 0.195
1.5 10 23.97 11.23 0.349 0.225
2.5 6 14.96 6.59 0.183 0.099
3.5 1 7.69 0.083
PP PSME/SYAL 9 0.5 12 41.10 10.00 0.747 0.295
1.5 12 25.18 11.71 0.386 0.325
2.5 10 18.06 8.65 0.236 0.146
3.5 7 9.81 1.92 0.109 0.023
4.5 6 11.13 4.92 0.129 0.069
5.5 6 6.59 1.03 0.071 0.012
6.5 3 7.10 1.10 0.077 0.012
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COVER
TYPE
PLANT
ASSOC.
STAND LAYER
N
%ASH
X Sx
I/O RATIO 
x Sx
PP PSME/SYAL 10 0.5 13 39.35 11.21 0.710 .0340
(Continued) 1.5 12 20.65 8.23 0.277 0.167
2.5 9 13.16 5.72 0.157 0.087
3.5 8 11.28 8.54 0.141 0.139
4.5 3 9.10 4.19 0.102 0.052
PP 11 0.5 14 46.96 8.95 0.942 0.338
1.5 13 30.40 10.19 0.468 0.216
2.5 8 21.00 12.80 0.304 0.239
3.5 6 19.06 10.84 0.263 0.208
4.5 3 7.94 3.16 0.088 0.038
5.5 2 11.18 2.52 0.127 0.033
PP 12 0.5 12 33.49 12.20 0.555 0.284
1.5 9 18.00 6.31' 0.227 0.093
2.5 5 12.18 4.65 0.142 0.065
3.5 1 7.94 0.086
4.5 1 7.69 0.083
5.5 1 6.50 0.069
PP PSME/CARU 13 0.5 13 42.68 8.22 0.781 0.256
1.5 11 23.57 9.39 0.332 0.198
2.5 8 17.71 8.35 0.229 0.141
3.5 4 15.26 9.06 0.196 0.145
4.5 2 15.02 7.73 0.186 0.108
5.5 5 11.09 2.77 0.126 0.035
6.5 1 11.89 0.134
7.5 1 8.27 0.090
8.5 1 7.89 0.084
PP 14 0.5 12 39.68 12.82 0.742 0.402
1.5 10 18.20 7.39 0.234 0.125
2.5 6 14.62 8.53 0.185 0.141
3.5 2 12.72 9.78 0.160 0.130
PP 15 0.5 17 45.73 10.78 0.908 0.339
1.5 15 26.68 13.09 0.424 0.339
2.5 13 18.17 10.61 0.250 0.216
3.5 4 12.39 2.40 0.142 0.032
4.5 2 12.81 3.67 0.150 0.048
5.5 3 8.60 1.01 0.094 0.012
6.5 1 7.25 0.078
PP 16 0.5 12 41.10 13.22 0.783 0.384
1.5 9 27.04 12.12 0.407 0.219
2.5 4 21.22 4.12 0.273 0.067
3.5 1 16.82 0.202
4.5 1 13.40 0.155
where: GF = G rand Fir, PP = Ponderosa Pine
N = num ber o f sam ples, x = m ean value, Sx = standard deviation
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Figure 4. H istogram  com parisons o f dependent variable d istributions. Both 
inorganic content and inorganic to organic ratios had lognorm al d istribu tions (left 
side o f page). N atural log (In) transform ations tended to norm alize both  o f these 
variab les, as shown by histogram s on right side o f page.
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Table 3. One way analysis of variance com paring the m ean inorganic content, m ean 
In (inorganic content), mean inorganic to organic ratio , m ean ln(inorganic to organic 
ratio) variab ility  w ithin one centim eter thick layers (depths) w ith the variab ility  
betw een one centim eter thick layers.
Inorganic Content
Source of 
Variation
Degrees of 
Freedom
Sums of Mean 
Squares Square
F
Value P>F
Between Layers 
Within Layers 
Total
8
77
85
1.14 0.14 
0.10 0.00 
1.24
105.39 <0.001
ln(Inorganic Content)
Between Layers 8 23.60 2.90 64.99 <0.001
Within Layers 77 3.43 0.04
Total 85 26.60
Inorganic Ratio
Between Layers 8 5.34 0.67 107.74 <0.001
Within Layers 77 0.48 0.01
Total 85 5.81
ln(Inorganic Ratio)
Between Layers 8 42.69 5.28 74.12 <0.001
Within Layers 77 5.48 0.07
Total 85 47.69
The resu lts  in Table 4 indicate the error due to d ifferen t cover types w as not 
significant at the 0.05%  level for any of the layers analyzed. P lant associations were 
not significant at the 0.05%  level of significance except in layer 4.5. The associations 
w ithin  the pine cover type in layer 4.5 are shown to be significantly  d ifferent w ith a 
prob value o f 0.0091. Further com parative analysis listed  in Table 5 indicates that 
D ouglas-fir/com m on snow berry, PSM E/SY A L, was the p lant association show ing 
significant differences in layer 4.5. This anom aly was discussed w ith other p ro fes­
sionals and no logical explaination of this result could be determ ined.
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Table 4. N ested analysis of variance results com paring the m ean inorganic content 
variab ility  w ith in  and betw een one centim eter thick layers (depths) under d ifferent 
p lant associations and cover types. Layers are labeled as the m id-point in centim eter 
d istance from  the m ineral soil interface, (ie. The one centim eter layer lying directly  
above the soil in terface, ranging from  0 to 1 cm s, is labeled "Layer 0.5")
LAYER 0.5
Source of Degrees of Sums of Mean F
Variation Freedom Squares Square Value P>F
Model 3 0.00502 0.00167 1.01 0.4213
Error 12 0.01985 0.00165
Corrected Total 15 0.02487
Contrast DF Contrast SS Mean Square F Value P>F
Cover 1 0.003549 0.003549 2.15 0.1687
Assoc within Fir 1 0.000612 0.000612 0.37 0.5542
Assoc within Pine 1 0.000859 0.000859 0.52 0.4849
LAYER 1.5
Source of Degrees of Sums of Mean F
Variation Freedom Squares Square Value P>F
Model 3 0.01075 0.003585 2.40 0.1191
Error 12 0.01795 0.001496
Corrected Total 15 0.02871
Contrast DF Contrast SS Mean Square F Value P>F
Cover 1 0.004445 0.004445 2.97 0.1104
Assoc within Fir 1 0.006289 0.006288 4.20 0.0628
Assoc within Pine 1 0.000019 0.000019 0.01 0.9102
LAYER 2.5
Source of Degrees of Sums of Mean F
Variation Freedom Squares Square Value P>F
Model 3 0.00619 0.002063 1.69 0.2223
Error 12 0.01466 0.001222
Corrected Total 15 0.02085
Contrast DF Contrast SS Mean Square F Value P>F
Cover 1 0.002924 0.002924 2.39 0.1479
Assoc within Fir 1 0.002596 0.002596 2.12 0.1707
Assoc within Pine 1 0.000670 0.000670 0.55 0.4733
Table 4 - Continued
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LAYER 3.5
Source of - Degrees of Sums of Mean F
Variation Freedom Squares Square Value P>F
Model 3 0.00350 0.001168 1.03 0.4135
Error 12 0.01359 0.001132
Corrected Total 15 0.01709
Contrast DF Contrast SS Mean Square F Value P>F
Cover 1 0.000156 0.000156 0.14 0.7168
Assoc within Fir 1 0.002312 0.002312 2.04 0.1785
Assoc within Pine 1 0.001035 0.001035 0.91 0.3579
LAYER 4.5
Source of Degrees of Sums of Mean F
Variation Freedom Squares Square Value P>F
Model 3 0.00630 0.002100 6.85 0.0173
Error 7 0.00215 0.000301
Corrected Total 10 0.00845
Contrast DF Contrast SS Mean Square F Value P>F
Cover 1 0.001523 0.001523 4.97 0.0611
Assoc within Fir 1 0.000396 0.000396 1.29 0.2933
Assoc within Pine 1 0.003914 0.003914 12.76 0.0091
LAYER 5.5
Source of Degrees of Sums of Mean F
Variation Freedom Squares Square Value P>F
Model 2 0.00058 0.000291 0.50 0.6483
Error 3 0.00174 0.000581
Corrected Total 5 0.00232
Contrast DF Contrast SS Mean Square F Value P>F
Assoc within Fir 1 0.000396 0.000396 0.68 0.4691
**** Nested analysis could not be completed for layers 6.5 through 8.5 since there were
mot enough samples collected for these layers****.
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Table 5. Comparative T test (LSD) Analysis for Plant Association differences in Layer 4.5 
using stand averages (mean) inorganic content as the dependent variable. Analysis per­
formed with SAS.
Comparisons significant at the 0.05 level are indicated by '***'
Plant Lower Difference Upper
ConfidenceAssociation Confidence Between
Comparison Limit Means Limit
1 - 4 -0.0272 0.0106 0.0484
1 - 2 -0.0215 0.0199 0.0613
1 - 3 0.0225 0.0584 0.0943 ***
4 - 1 -0.0484 -0.0106 0.0272
4 - 2 -0.0285 0.0093 0.0471
4 - 3 0.0161 0.0478 0.0794 ***
2 - 1 -0.0613 -0.0199 0.0215
2 - 4 -0.0471 -0.0093 0.0285
2 - 3 0.0026 0.0385 0.0744 ***
3 - 1 -0.0943 -0.0584 -0.0225 ***
3 - 4 -0.0794 -0.0478 -0.0161 ***
3 - 2 -0.0744 -0.0385 -0.0026 ***
Where: Plant Association 1 = Grand fir/queen's cup beadlilly - ABGR/CLUN 
Plant Association 2 = Grand fir/pinegrass - ABGR/CARU 
Plant Association 3 = Douglas-nr/common snowberry - PSME/SYAL 
Plant Association 4 = Douglas-fir/pinegrass - PSME/CARU
Alpha = 0.05 
Confidence = 0.95 
df = 7
MSE = 0.000307 
Critical value of T  = 2.36462
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T herefore, the null hypothesis for part two of the prim ary objective w as rejected . 
That is, the variab ility  w ithin was found to be greater than the variab ility  betw een 
cover types and plant associations, except for the D ouglas-fir/com m on snow berry 
p lant association  for layer 4.5. For that reason, regression analysis proceeded 
w ithout u tiliz ing  either cover type or plant association as independent variab les.
The inorganic content decreased with increasing distance from  the m ineral soil 
interface approaching a m inim um  value o f 6.5 percent. This is consistent w ith the 
m inim um  inorganic contents of approxim ately 4 percent found in the cellulose of 
m ost w ood and grass species observed by Philpot (1968). A  scatterp lo t of the 
averaged values by stand for each one centim eter layer (F igure 5) clearly  illustra tes 
this trend.
In itial regression analysis looked at fitting the data w ith  an exponential equation. 
This w as consisten t w ith the lognorm al data d istributions shown in Figure 4, 
ind icating  that natural log transform ations would be appropriate. Scatter plo ts, side 
by side box plots, residuals vs. predicted values and residuals vs. nscores w ere 
created for the transform ed variables o f ln(inorganic content) and ln(inorganic  ratio) 
to check for hom oscedasticity , influential cases and other regression assum ptions. 
No regression  v io lations w ere apparent. These plots can be view ed in A ppendix C.
P redictive equations w ere developed for both inorganic content and inorganic 
ratios. Subsequent analysis tested cubic m odels for both inorganic content and 
inorganic ratios.
Table 6 sum m arizes the predictive equation inform ation for those equations 
developed to m eet the prim ary objective of this study. The adjusted R value can be 
used to com pare the m odels. It is em ployed in m ultiple regression  com paritive 
analysis because the adjustm ent accounts for the num ber of predictors used in the
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Figure 5. Scatterplot of inorganic content versus distance (in centimeters) from the 
mineral soil surface. (86 stand averaged means)
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Table 6. Predictive equation summary for the primary objective.
Dependent
Variable
Independent
Variable(s)
R2
(Adjusted)
F Value Pr > F
Inorg. Content D, D2, D3 0.905 270 <0.0001
Ratio D, D2, D3 0.895 242 <0.0001
ln(Inorg. Content) D 0.787 314. <0.0001
ln(Ratio) D 0.777 297 <0.0001
where: Inorg. Content = Inorganic content Ratio = inorganic ratio 
D = Distance in centimeters from the soil interface.
Note: All independent variables were significant at the 0.001 level.
2
equation and w hether they are useful. The h igher the adjusted R value the better 
the fit of the equation to the data.
The cubic m odel for percent inorganic content had the highest adjusted R value of 
0 .905. W hile this model best predicts inorganic content, it w ould also need to be 
strictly  lim ited to the values sam pled in this study. In fact, the m odel would predict 
negative values for inorganic content if  extended m uch beyond 10 centim eters from  
the soil surface. The cubic m odel predicting inorganic to organic ratio  also has this 
fau lt, going negative at approxim ately 8.5 centim eters from  the soil surface.
F igures 6 and 7 illustrate the four m odels developed. F igure 6 shows both the cubic 
m odel and exponential m odel fits for inorganic content. F igure 7 shows the cubic 
m odel and exponential m odel fits for inorganic ratio. The closeness o f the adjusted 
R values for the two exponential m odels and two cubic m odels further confirm s the 
strong co rre la tion  (R = 0.993) betw een inorganic content and inorganic ratio .
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Figure 6. Cubic and exponential model fits using inorganic content as the dependent 
variable.
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IN O R G A N IC  TO O R G A N IC  RATIO OF FOREST 
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Figure 7. Cubic and exponential model fits using inorganic ratio as the dependent variable.
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The resu lting  equations w hich were developed for these four m odels are: 
IN O R G A N IC  CO N TEN T = 52.0 - 21.9*D  + 3 .87*D A2 - 0 .23*D A3 (1)
IN O R G A N IC  C O N TEN T = 39 .3eA[-0.269(D )] (2)
I/O  RATIO = 1.03 - 0.547*D  + 0 .106*D A2 - 0 .0066*D A3 (3)
I/O  RATIO = 0 .6 8 3 eA[-0.357(D )] (4)
w here: IN O RG A N IC CONTENT is expressed as a percent 
I/O  RATIO = Inorganic to organic ratio 
D = distance from  the soil in terface in centim eters.
Equations (1) and (2) can be used to predict the inorganic content for a given depth 
in forest floor layers under ponderosa pine or grand fir canopies in the B lue M ountain 
area. Equation (1) is best suited for predicting inorganic content in forest floor layers 
less than 1.5 centim eters from  the soil surface (ie. duff layers in m ost forested stands) 
and layers from  6.0 to 8.0 centim eters from  the soil surface (ie. m ost generally  the 
litte r layers). Equation (2) does w ell for predicting inorganic content in fo rest floor 
layers betw een 1.5 and 6.0 centim eters from  the soil surface. As can be seen in Figure 
6, the exponential m odel (2) tends to under p redict for depths less than 1.5 
centim eters and depths greater than 6.5 centim eters. N either m odel should be used 
to p red ict inorganic content in forest floor depths greater than 8.5 centim eters or in 
stands under cover types not addressed in this study.
Equation (3) provides the best fit for inorganic ratios in fo rest floor layers less than 
or equal to 5.0 centim eters from  the soil surface (see F igure 7). E quation (3) should 
not be used for distances beyond 7.5 centim eters from  the soil surface since it predicts 
a negative inorganic ratio. Equation (4) is best suited for pred icting  inorganic ratios 
in forest floor layers ranging from  5.0 to 8.5 centim eters d istance from  the soil
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surface. N either m odel should be used to predict inorganic to organic ratios in forest 
floor depths greater than 8.5 centim eters.
M axim um  average inorganic ratios were slightly  higher than 1.0 (only one stand), 
as shown in figure 7. This is consistent w ith H artford 's (1993) conclusions that forest 
du ff tends to have relatively low m ineral content w ith inorganic ratios norm ally equal 
to or less than 1.0.
E quations (3) and (4) can be used in conjuction w ith the findings o f H artford  (1993) 
to p red ict the probability  o f sustained sm oldering com bustion in forest floor layers 
under ponderosa p ine and grand fir canopies in the Blue M ountain area. In order to 
do this, the inorganic ratio , m oisture ratio and bulk  density  would need to be 
determ ined. M oisture ratio  is the ratio of the m ass of w ater to the m ass of dry, 
m ineral-free organic m aterial (H artford, 1989). Bulk density is the dry m ass per unit 
volum e. Equations (3) and (4) could be used to p redict inorganic ratio . B ulk density  
could be estim ated based on results contained in Section 5.3. M oisture ratio  w ould 
need to be calculated . This could be accom plished by determ ining the percent 
m oisture content (m ethods described by H ilhouse, 1983; Potts and others, 1986) for 
a g iven forest floor layer and the inorganic content, from  equations (1) or (2). A fter 
these estim ates have been obtained, m oisture ratio  can be calculated as follow s:
M oisture Ratio = (m oisture content) /  (1 - inorganic content) 
w here: m oisture and inorganic contents are expressed in decim al term s.
Once m oisture ratio  has been estim ated, one of several equations from  R oberta 
H artford 's m aster thesis (1993) could be utilized to predict the p robab ility  of 
sustained com bustion depending on what is known about inorganic ratio  and bulk
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density . H artford 's research tested com bustion lim its in  peat (a surrogate for duff) 
w hich tended to burn m ore readily than duff. A lso, her tests w ere conducted w ithout 
heat flux added from  above as is the case w hen dead, downed w oody m aterial is 
present. The follow ing two equations are m entioned here, how ever if the reader is 
in terested in predicting w hether duff w ill burn based on H artford 's research, they 
should carefully  review  her findings.
If the inorganic ratio is less than 1.0, as w ith m ost o f the data obtained in th is study, 
and bulk  density is unknow n, then:
P = 1 /  (1 + e -15-373 + (17 0719)r m ) (H artford , 1993; equation  (3))
w here: R . , = M oisture Ratio 
M
If  the inorganic ratio and bulk density are both known (or estim ated) then:
P = 1 /  (1 + e -19'329 + (17 047)RM + C1-7170)1̂  + (23 059)pb)
(H artford , 1993; equation  (8))
w here: P = Probability  of sustained sm oldering
R . , = M oisture Ratio 
M
Rj = Inorganic Ratio 
Pb = Bulk Density of Fuel
M any other researchers (Van W agner, 1972; Sandberg, 1980; L ittle  and others, 
1982; L ittle and others, 1986; Brown and others, 1985; O ttm ar and others ,1993) 
have developed equations to p redict forest floor consum ption, how ever it was 
Frandsen (1987) and H artford (1993) who u tilized  inorganic content as an indepen­
dent variable.
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5.3 Forest Floor Loading
Forest floor loading is a function o f depth (th ickness or am ount o f m aterial present) 
and bulk density (m ass per unit area) o f the forest floor m aterials for a g iven  area. 
Forest floor depths and bulk densities w ere determ ined in order to investigate  the 
v a ria b ility  in loading across the forest areas sam pled.
D uff and litte r depths w ere analyzed first. The standard organic horizons (litter, 
ferm entation and hum us), defined by H esslem ann in 1926 (P ritchett, 1979) w ere used 
for th is part of the analysis. H istogram s w ere constructed to analyze litter, 
ferm enatation and hum us distributions. As shown by Figure 8, all variab les had 
lognorm al distributions. Consequently, natural log transform ations w ere m ade and 
used as dependent variables. Sum m ary statistics and one way analysis of variance 
tables for this phase of the analysis are contained in Table 7. The untransform ed 
variables were also analyzed using one way analysis of variance. Those resu lts can 
be seen in A ppendix D.
The natural logarithm  m eans of litter thickness, m easured in centim eters, showed 
a clear d istinction  betw een the two cover types sam pled. H ow ever, w ith respect to 
ferm entation natural logarithm  m ean thicknesses, only the grand fir/p inegrass plant 
association  showed significant differences from  the other p lant associations. There 
w ere no significant differences found betw een any of the plant associations w ith 
respect to hum us layer natural logarithm  mean thickness. C lose exam ination showed 
a fairly  w ide range of natural log mean values for both ferm entation and hum us layers.
The natural logarithm  m ean thickness for each layer w as converted back  to original 
units. Table 8 sum m arizes the forest floor central tendancies (geom etric  m ean- , 
arithm etic  m ean, and arithm etic m edian depths) by layer and cover type. Practical
- The geom etric m ean = the antilogarithm  of the natural logarithm  m ean value.
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Figure 8. H istogram s of forest floor layer th icknesses. All fo rest floor layers had 
lognorm al d istributions as shown by histogram s on left side of page. N atural log 
(In) transform ations tended to m ake these variable distributions m ore sym etrical, 
as shown by histogram s on right side o f page.
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Table 7. Sum m ary statistics and one way analysis of variance results com paring the 
m ean depths for ln(litter), ln(ferm entation) and ln(hum us) layer variab ility  w ithin and 
betw een plant associations.
ln(LITTER)
Mean S.D. n
Group 1 = Grand fir/queen's cup beadlilly -0.691 0.607 259
Group 2 = Grand fir/pinegrass -0.786 0.714 271
Group 3 = Douglas-fir/common snowberry -0.321 0.593 239
Group 4 = Douglas-fir/pinegrass -0.395 0.631 251
Source of Degrees of Sums of Mean F
Variation Freedom Squares Square Value
Between Associatios 3 38.74 12.91 31.56
Within Associations 1016 415.70 0.41
Total 1019 454.44
Gp Gp Gp Gp
4 3 2 1
Population 1 
Population 2
ln(FERM EN TA TIO N)
Mean S.D. n
Group 1 = Grand fir/queen's cup beadlilly 0.353 0.877 259
Group 2 = Grand fir/pinegrass -0.122 0.790 271
Group 3 = Douglas-fir/common snowberry 0.426 0.809 239
Group 4 = Douglas-fir/pinegrass 0.199 0.757 251
Source of Degrees of Sums of Mean F
Variation Freedom Squares Square Value
Between Associatios 3 46.23 15.41 23.51
Within Associations 1016 665.86 0.66
Total 1019 712.09
Gp Gp Gp Gp
2 1 3  4
Population 1 __________
Population 2 ___
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Table 7 continued.
ln(HUM US)
Mean S.D. n
Group 1 = Grand fir/queen's cup beadlilly 0.305 1.12 259
Group 2 = Grand fir/pinegrass 0.153 0.861 271
Group 3 = Douglas-fir/common snowberry 0.173 1.243 239
Group 4 = Douglas-fir/pinegrass -0.106 1.284 251
Source of Degrees of Sums of Mean F
Variation Freedom Squares Square Value
Between Associatios 3 22.45 7.48 5.84
Within Associations 1016 1301.73 1.28
Total 1019 1324.18
Newman-Keuls Multiple Comparisons Summary 
Homogeneous Populations, groups ranked 
Gp Gp Gp Gp 
4 1 2  3
Population 1 ________________
where: Group 1 = Grand fir/queen's cup beadlilly (Grand fir cover type)
Group 2 = Grand fir/pinegrass (Grand fir cover type)
Group 3 = Douglas-fir/common snowberry (Ponderosa pine cover type)
Group 4 = Douglas-fir/pinegrass (Ponderosa pine cover type)
and: The Newman-Keuls Multiple Comparisons Summary was used to test
Homogeneous Populations, groups ranked. At the 0.05 significance 
level, the means of any two groups underscored by the same line 
are not significantly different.
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Table 8. Com parison of central tendencies for litter, ferm entation and hum us 
th icknesses m easured in centim eters
LITTER
C over type Mean Median G eom etric
Depth D epth M ean D epth
Ponderosa pine 0.83 0.70
Grand fir 0.61 0.48
Com bined 0.72 0.50 0.58
FERM EN TA TIO N
C over type Mean M edian G eom etric
Depth D epth M ean D epth
Ponderosa Pine 1.82 1.37
Grand fir 1.70 1.12
Com bined 1.76 1.30 1.24
HUM US
Cover type Mean M edian G eom etric
D epth D epth M ean Depth
Ponderosa Pine 1.75 1.03
Grand fir 1.78 1.26
Com bined 1.77 1.50 1.14
*Note: G eom etric M ean D epth = A ntilogarithm  ln(M ean D epth)
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differences betw een the geom etric m ean forest floor thickness under the two cover 
types sam pled becam e negligible, even if  they were significant. D ifferences in the 
geom etric  m ean depths betw een ponderosa pine and m ixed con ifer w ere 0.22 
centim eters for litter, 0.25 centim eters for ferm entation and 0.23 centim eters for 
hum us. These values w ere found to be sm aller than the arithm etic m ean depths, but 
close to the arithm etic m edian values in m ost cases. Since practical d ifferences 
betw een cover types were sm all, the com bined geom etric m ean values for each layer 
w ere considered adequate due to the w ide variation , both spatial and tem poral, 
com m only found in forest floor depths.
Bulk density  was investigated next. Bulk density was determ ined in the laboratory  
for each destructive one centim eter layer collected. Prelim inary investigation 
indicated none of the site variables analyzed w ere found to be significant. H istogram s 
show ed both the untransform ed and natural log transform ed layer m eans to have 
fairly  norm al distributions. C onsequently, m eans (both untransform ed and natural 
logarithm ) w ere calculated for each one centim eter layer for each stand and a one way 
analysis o f variance was com pleted to determ ine the variability  w ithin and betw een 
layers. Table 9 sum m arizes the one way analysis of variance tables resulting from  this 
portion  o f the analysis. No significance was found for either untransform ed or 
transform ed variables w ith both P>F values approxim ately equal to 0.871.
A  nested analysis of variance of the untransform ed bulk density was com pleted to 
test the variab ility  of each layer w ithin and betw een plant associations and cover 
types. Once again, the results (Table 10) indicated there w ere no significant 
d ifferences except for layer 4.5 w hich showed a P>F value of 0.0451 for cover. Since 
bulk  density  was determ ined by the dry w eight of m aterial per unit area, voids in the 
forest floor m aterial may have accounted for much of the w ithin layer variab ility .
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Table 9. One way analysis o f variance results com paring the m ean bulk  density 
variab ility  w ithin and betw een one centim eter thick layers (depths). Layers are 
labeled as the m id-point in centim eter distance from the m ineral soil in terface, (ie. 
The one centim eter layer lying directly above the soil interface, ranging from  0 to 1 
cm s, is labeled "Layer 0.5")
LAYER STATISTICS FOR BULK DENSITY
Laver Mean Standard Deviation n
0.5 0.135 0.064 16
1.5 0.114 0.051 16
2.5 0.110 0.053 16
3.5 0.131 0.048 16
4.5 0.121 0.063 11
5.5 0.118 0.036 6
6.5 0.149 0.086 3
7.5 0.093 1
8.5 0.084 1
Total 0.122 0.054 86
Source of Degrees of Sums of Mean F
Variation Freedom Squares Square Value P>F
Model 8 0.01 0.00 0.47 0.872
Error 77 0.24 0.00
Corrected Total 85 0.25
LAYER STATISTICS FOR ln(BULK DENSITY)
Laver Mean Standard Deviation n
0.5 -2.126 0.548 16
1.5 -2.289 0.526 16
2.5 -2.319 0.506 16
3.5 -2.086 0.324 16
4.5 -2.223 0.489 11
5.5 -2.185 0.353 6
6.5 -2.013 0.552 3
7.5 -2.380 1
8.5 -2.480 1
Total -2.205 0.467 86
Source of Degrees of Sums of Mean F
Variation Freedom Squares Square Value P>F
Model 8 0.87 0.11 0.47 0.871
Error 77 17.69 0.23
Corrected Total 85 18.56
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Table 10. N ested analysis of variance results com paring the m ean bulk density 
variab ility  w ithin and betw een plant associations and cover types for each one 
centim eter forest floor layer. Layers are labeled as the m id-point in centim eter 
d istance from  the m ineral soil interface, (ie. The one centim eter layer lying directly  
above the soil in terface, ranging from 0 to 1 cms, is labeled "Layer 0.5")
LAYER 0.5
Source of Degrees of Sums of Mean F
Variation Freedom Sauares Square Value P>F
Model 3 0.00484 0.00161 2.87 0.0807
Error 12 0.00675 0.00056
Corrected Total 15 0.01159
Contrast DF Contrast SS Mean Square F Value P>F
Cover 1 0.000014 0.000014 0.02 0.8770
Assoc within Fir 1 0.000028 0.000028 0.05 0.8269
Assoc within Pine 1 0.004802 0.004802 8.53 0.0128
LAYER 1.5
Source of Degrees of Sums of Mean F
Variation Freedom Squares Square Value P>F
Model 3 0.00138 0.000461 1.38 0.2963
Error 12 0.00401 0.000334
Corrected Total 15 0.00540
Contrast DF Contrast SS Mean Square F Value P>F
Cover 1 0.000324 0.000324 0.97 0.3444
Assoc within Fir 1 0.000722 0.000722 2.16 0.1675
Assoc within Pine 1 0.000338 0.000338 1.01 0.3346
LAYER 2.5
Source of Degrees of Sums of Mean F
Variation Freedom Squares Square Value P>F
Model 3 0.00139 0.000462 0.66 0.5911
Error 12 0.00838 0.000698
Corrected Total 15 0.00976
Contrast DF Contrast SS Mean Square F Value P>F
Cover 1 0.000945 0.000945 1.35 0.2671
Assoc within Fir 1 0.000288 0.000288 0.41 0.5328
Assoc within Pine 1 0.000153 0.000153 0.22 0.6480
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Table 10 - Continued
LAYER 3.5
Source of 
Variation 
Model 
Error
Corrected Total
Degrees of 
Freedom 
3 
12 
15
Sums of 
Squares 
0.00190 
0.01344 
0.01535
Mean
Square
0.000635
0.001120
F
Value
0.57
P>F
0.6473
Contrast
Cover
Assoc within Fir 
Assoc within Pine
DF
1
1
1
Contrast SS 
0.001332 
0.000060 
0.000512
Mean Square 
0.001332 
0.000060 
0.000512
F Value 
1.19 
0.05 
0.46
P>F
0.2969
0.8201
0.5118
LAYER 4.5
Source of 
Variation
Degrees of 
Freedom
Sums of 
Squares
Mean
Square
F
Value P>F
Model
Error
Corrected Total
3
7
10
0.00647
0.00547
0.01194
0.002156
0.000782
2.76 0.1214
Contrast DF Contrast SS Mean Square F Value P>F
Cover
Assoc within Fir 
Assoc within Pine
1
1
1
0.004635
0.000049
0.002305
0.004635
0.000049
0.002305
5.93
0.06
2.95
0.0451
0.8095
0.1297
LAYER 5.5
Source of 
Variation 
Model 
Error
Corrected Total
Degrees of 
Freedom 
2 
3 
5
Sums of 
Squares 
0.00056 
0.00054 
0.00110
Mean
Square
0.000282
0.000179
F
Value
1.58
P>F
0.3406
Contrast DF Contrast SS Mean Square F Value P>F
Assoc within Fir 1 0.000456 0.000456 2.55 0.2087
LAYER 6.5
Source of 
Variation
Degrees of 
Freedom
Sums of 
Squares
Mean
Square
F
Value P>F
Model
Error
Corrected Total
1
1
2
0.00173
0.00204
0.00378
0.001734
0.002048
0.85 0.5265
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C onsequently , the untransform ed m ean value of 0.122 g/cm 3 for all layers w as used.
U sing the m ean values for depth and bulk density, approxim ations could be m ade 
for loading. These results are shown in Table 11. W hile this inform ation m ay be 
useful w hen attem pting to estim ate forest floor loading over large areas, it should  not 
be utilized to infer forest floor loading for individual stands or sites. P revious studies 
by Ffo llio tt and others (1968) in A rizona found that stand variables such as basal area 
and percen t canopy coverage did not provide strong correlations w hen used to 
pred ict fo rest floor depths or loading. F fo llio tt and others later (1977) found that 
the w eight of hum us and ferm entation layers in uncut m ixed conifer forests sam pled 
in A rizona averaged 13.0 tons per acre. H arrington (1986) found that various stands 
of the sam e species in A rizona have obvious differences in both forest floor loadings 
and bulk density  and w arned that using predictive equations on inappropriate  sites 
could lead to erroneous estim ations. Barney and others (1981) found that hum us 
bulk  densities were approxim ately four tim es greater than those of the corresponding 
litte r layer. Brown and See (1981) found that duff depths in the N orthern  Rocky 
M ountains ranged from  an average of 1.3 to 3.8 centim eters, depending on cover 
type, w ith  an average bulk density of 0.13 gram s per cubic centim eter. W hile m uch 
of this previous inform ation concurs w ith the average forest floor depths and 
loadings found in this study, the author feels the bulk density of each forest floor layer 
may be questionable since significant differences w ere not found betw een one 
centim eter layers w hen apparent d ifferences would be expected. Bulk densities in 
this study w ere investigated by one centim eter thick layers collected system atically  
from  the soil surface, not by traditional litter, ferm entation and hum us layers. This 
departure from  traditional m ethods could account for lack of significance found.
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Table 11. Forest floor loading estim ations based on bulk density  and fo rest floor 
depths (in centim eters) averaged from  16 stands.
FOREST FLOOR LOADING
M ean D epth 
0.58
I
Bulk Densitv 
0.122
JT T E R
Grams per Cm2 
0.071
Tons per A cre 
3.14
M ean Depth 
1.24
FER1V
Bulk Densitv 
0 .122
1ENTATION
Grams Der Cm2 
0.151
Tons per A cre 
6.69
M ean Depth 
1.14
1
Bulk Densitv 
0.122
IUM US
Grams per Cm2 
0.139
Tons per A cre 
6.15
M ean Depth 
2.96
Bulk Densitv 
0.122
rOTAL
Grams per Cm2 
0.361
Tons per A cre 
15.98
* C onversion factor used to convert from  gram s/cm 2 to T ons/A cre = 44.255
6.0 SUMMARY AND CONCLUSIONS
Sixteen stands under two cover types (ponderosa pine and grand fir) in the Blue 
M ountains o f northeast O regon were sam pled to investigate fo rest floo r inorganic 
content, depth and bulk density. Forest floor sam ples w ere co llected  in one 
centim eter thick layers to avoid the subjectivity  com m only encountered when 
separating litter, ferm entation and hum us layers. W ithin each cover type, two plant 
associations were sam pled to investigate the variability  w ithin and betw een cover 
types. Possible correlations w ere studied betw een site characteristics and the forest 
floor a ttributes sam pled.
Inorganic content can be estim ated know ing distance from  the soil surface. As 
distance from  the soil surface increased, inorganic content decreased to a m inim um  
value o f 6.5% , w hich is very close to the inherent inorganic content of p lan t cellulose. 
This phenom ena can be predicted quite w ell w ith either exponential or cubic 
equations w ithin the range of the data collected. D ifferences in p lant association, 
predom inant forest cover type or other site specific  variables w ere not found to be 
significant factors in predicting inorganic content.
Forest floor loading can be estim ated from  average forest floor depths and bulk 
densities obtained from  this study. L itter depths w ere found to be significantly  
d ifferen t under the two cover types investigated , how ever their average values only 
d iffered by 0.22 centim eters. Ferm entation layer depths w ere found to be d ifferent 
for the grand fir/p inegrass plant association, but again, actual average d ifferences 
w ere slight, even though significant. There w ere no significant differences found 
betw een plant associations or cover types w ith  regards to hum us layer depths. 
B ecause actual differences w ere slight, average values for each forest floor layer 
(litter, ferm entation, and hum us) were used to estim ate forest floor loading.
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No significant differences were found in the bulk density betw een the individual 
centim eter layers sam pled. This would not be expected since litter layers are usually 
m uch less densly packed than the hum us or ferm entation layers in duff. Data 
co llection  m ethods (ie. using one centim eter thick layers instead of litte r, ferm enta­
tion, and hum us layers) or voids in the m aterial may have accounted for this anom aly.
a a
B ecause of this, the value obtained for bulk  density (0.122 g/cm  or 122 kg/m  ) is 
suspect, even though it is close to the mean bulk density value of 110 kg/m  obtained 
from  low er duff sam ples in several w estern M ontana forest types (H artford , 1993; 
on file at the Interm ountain  Fire Sciences Laboratory).
Prescribed  fire m anagers are often confronted w ith attem pting to estim ate forest 
floor consum ption and smoke em issions to acheive m anagem ent objectives and 
constrain ts. The inform ation presented in this study may be com bined w ith previous 
research (H artford, 1993; Frandsen, 1987) to estim ate sm oldering com bustion lim its 
in forest floor layers in the Blue M ountains. This study and futher investigation  of 
inorganic content, m oisture content, bulk density and depth w ill continue to im prove 
our understanding of the com plex issue of predicting forest floor consum ption and 
resulting sm oke em issions.
7.0 MANAGEMENT IMPLICATIONS AND RECOMMENDATIONS
This study found that cover type, plant association or location w ere not significant 
in predicting  inorganic content. S ignificant d ifferences w ere found for litter and 
ferm entation layer thicknesses betw een the d ifferent cover types and plant associa­
tions sam pled, although actual average differences w ere slight. C onsequently, 
average values appear to be sufficient for broad scale (w atershed or m ulti-stand) 
m anagem ent analyses under these cover types and are quite consisten t w ith values 
obtained in other studies.
These findings indicate m anagers may be able to use the predictive equations 
developed here to estim ate inorganic content of duff and litter layers under sim ilar 
cover types throughout m uch of the Blue M ountains. It is recom m ended that further 
research be conducted to validate these equations, especially  under forest canopies 
o f o ther tree species.
The bulk  density and loading values obtained from  this study are consisten t w ith 
o ther current research com pleted in sim ilar forest cover types. The C olum bia R iver 
B asin A ssessm ent used 3.0 tons per acre for litter (com pared to 3.14 tons per acre 
in this study) and 12.1 tons per acre for ferm entation and hum us layers com bined 
(com pared to 12.84 tons per acre in this study)(O ttm ar, 1995). H ow ever, fu rther 
research to test the bulk  density inform ation obtained in this study is suggested since 
significant d ifferences w ere not found betw een the forest floor layers sam pled.
Further research is recom m ended to validate sm oldering com bustion lim its using 
actual duff sam ples instead of peat surrogates (H artford, 1993) and to determ ine the 
heat flux influences downed, dead woody m aterial has on duff consum ption in 
com bination w ith inorganic content. Frandsen's (1994) current research indicates 
h igher m oisture and inorganic contents may be required to extinquish sm oldering 
com bustion than previously  reported.
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APPENDIX A 
Vicinity Map of Study Area Location
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Data Collection Methods andForms
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EXAMPLE 
SYSTEMATIC GRID DESIGN
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MINERAL CONTENT PLOT CARD
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M INERAL CONTENT DETERMINATION W ORESHEET
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APPENDIX C 
Analysis Documentation
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EXPLORATORY REGRESSION ANALYSIS
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Results of expoloratory regression anaylsis using raw data prior to aggregation (averaging 
each layer by stand). This analysis was completed in attempts to determine significant site 
variables as listed below.
DEPENDENT VARIALBE =LN PERCENT ASH
1. Using unaggregated and unadjusted database:
Ln Percent Ash vs. Layer RA2 = 0.278 
Prob Coefficient
Constant <.0001 -0.35928
Layer <.0001 -0.10774
*No significant improvement in RA2 (0.286) by adding Association, Percent Cover, 
Stand or Presence of Rot.
2. Using unaggregated but adjusted for rot and depth database:
Ln Percent Ash vs. Layer RA2 = 0.557 
Prob Coefficient
Constant <.0001 1.64636
Layer <.0001 -0.151383
*No significant improvement in RA2 (0.600) by adding Plant Association, Percent 
Cover, and Overstory Trees Per Acre - although these terms were all significant 
themselves.
Nonsignifiacnt terms analyzed: Aspect, Elevation, Pecent Defoliation, Understory 
Trees/Acre, Slope, Plot Position, Average DBH, Canopy Structure, and Basal 
Area.
DEPENDENT VARIABLE =LN INORGANIC/ORGANIC RATIO
1. Using unaggregated and unadjusted database:
Ln Inorganic/Organic Ratio vs. Layer R A2 = 0.251 
Prob Coefficient
Constant <.048 -0.0486
Layer <.0001 -0.1586
*No significant improvement in RA2 (0.259) by adding Association, Percent Cover, 
Stand or Presence of Rot.
2. Using unaggregated but adjusted for rot and depth database:
Ln Inorganic/Organic Ratio vs. Layer RA2 = 0.541 
Prob Coefficient
Constant <.0001 -0.107067
Layer <.0001 -0.202995
*No significant improvement in RA2 (0.581) by adding Association, Percent Cover, 
and Overstory Trees Per Acre - although these terms were all significant them­
selves.
Nonsignifiacnt terms analyzed: Aspect, Elevation, Pecent Defoliation, Understory 
Trees/Acre, Slope, Plot Position, Average DBH, Canopy Structure, and Basal 
Area.
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DEPENDENT VARIABLE =PERCENT ASH (*No Transformation)
1. Using unaggregated and unadjusted database:
Percent Ash vs. Layer RA2 = 0.219
Prob Coefficient
Constant < .oool 0.4677
Layer <.0001 -0.06689
Since this untransformed dependent variable had an RA2 less than the transformed 
Ln Pecent Ash, further exploratory analysis was not pursued.
DEPENDENT VARIABLE = INORGANIC/ORGANIC RATIO (*No Transformation)
1. Using unaggregated and unadjusted database:
Inorganic/Organic Ratio vs. Layer RA2 = 0.107
Since this untransformed dependent variable had an RA2 less than the transformed 
Ln Inorganic/Organic Ratio, further exploratory analysis was not pursued.
< 
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INORGANIC CONTENT
Scatterplot, Side by Side Boxplot, Residual vs. Predicted Values
and residual vs. nscores for stand averaged values.
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ln( INORGANIC CONTENT)
Scatterp lo t, Side by Side Boxplot, R esidual vs. P redicted  V alues 
and residual vs. nscores for stand averaged values.
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INORGANIC RATIO
Scatterplot, Side by Side Boxplot, Residual vs. Predicted Values
and residual vs. nscores for stand averaged values.
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Scatterplot, Side by Side Boxplot, Residual vs. Predicted Values
and residual vs. nscores for stand averaeed values.
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One w ay analysis o f variance results com paring the m ean depths for litter, ferm en­
tation and humus layer variability  w ithin and betw een plant associations.
LITTER
Source of Degrees of Sums of Mean F
Variation Freedom Squares Square Value
Between Associatios 3 13.28 4.43 17.46
Within Associations 1016 257.67 0.25
Total 1019 270.96
Newman-Keuls Multiple Comparisons Summary 
Homogeneous Populations, groups ranked
Gp Gp Gp Gp 
3 4 1 2
Population 1 ______
Population 2 ____________
At the 0.05 significance level, the means of any two groups underscored by the same line are 
not significantly different.
FERMENTATION
Source of Degrees of Sums of Mean F
Variation Freedom Squares Square Value
Between Associatios 3 145.22 48.41 14.37
Within Associations 1016 3422.01 3.37
Total 1019 3567.23
Newman-Keuls Multiple Comparisons Summary 
Homogeneous Populations, groups ranked
Gp Gp Gp Gp 
4 1 2  3
Population 1 ___________
Population 2 ______
At the 0.05 significance level, the means of any two groups underscored by the same line are 
not significantly different.
HUMUS
Source of Degrees of Sums of Mean F
Variation Freedom Squares Square Value
Between Associatios 3 40.23 13.41 7.21
Within Associations 1016 1890.72 1.86
Total 1019 1930.94
Newman-Keuls Multiple Comparisons Summary 
Homogeneous Populations, groups ranked
Gp Gp Gp Gp 
1 4  3 2
Population 1 ______________
At the 0.05 significance level, the means of any two groups underscored by the same line are 
not significantly different.
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where: Group 1 = Douglas-fir/pinegrass (Ponderosa pine cover type)
Group 2 = Douglas-fir/common snowberry (Ponderosa pine cover type)
Group 3 = Grand fir/queen's cup beadlilly (Grand fir cover type)
Group 4 = Grand fir/pinegrass (Grand fir cover type)
